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1. INTRODUCTION

1.1 Research in this program was concerned with the
processes of interaction between intense laser light and
materials. The major areas of interest during the first year
were the interactions between laser-generated plasmas and
surfaces and the processes of interaction with surface
electromagnetic waves (SEW). Laser-generated plasmas can
either couple or decouple incoming energy from the material.
One proposed interaction which would couple energy to the
surface is the formation of unipolar arcs. This process would
be discerned by a residual morphology showing small craters
related to the sites of unipolar arc formation in the area
covered by the plasma. Experiments to confirm this process on
copper samples were carried out and the predicted craters were
found.

1.1.1 The first interest in the SEW studies was to
demonstrate that SEW interactions could play a role in couplng
light energy to a variety of materials, not just metals.
Studies of this phenomenon were conducted on plastic and
mullite targets. The mullite had a molten phase upon laser
irradiation. However, the process of melting and
resolidification was too violent to allow postirradiation
detection of the grating like structures thought to be caused
by SEWs. Ripples on mullite or other such materials may be

discovered by probes to detect diffraction from the gratings

during the irradiation. The plastic, ordinary acrylic, was
too transparent to allow irradiations affecting only the
1
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;ﬂ surface. This meant that irradiation conditions were used
(w which produced catastrophic fracturing and blowing off of
»
)

W surface material or bulk damage. The former proved
(%,
t
gﬁ uninteresting for this project, but the latter revealed
’:) grating like structures in internal damage sites. These are
Q found in laser-produced internal cracks, and they look much
)

‘f like those produced on a surface. However, their spacing and

orientation with respect to the laser polarization is

o~

il
':.',’ different from site to site. This observation requires a
: gl
"J
‘:J great deal more study.
P
'y
1.1.2 Grating like structures were observed in the
i
ﬂ.

periphery of interaction sites produced on Al, Cu and the

alloy Ti-6 Al-4 V. The interaction in the central region

[ LA RS

o WP D S

{where convective motion of the melt and boiling took place)

?é so disrupted the material that no grating like ripples could
ol

,3 be found in the central site morphology.

t; 1.1.3 The second aspect of SEW interactions was the
{é question of energy redistribution because of their propagation
F; out of the irradiated spot. This had been predicted by
;: researchers in Romania and the Soviet Union. It was thought
!g to be the source of a spot size dependence to laser materials
'3 interactions and, as such was of great interest to this
} program. An experiment using a photothermal ©probe of
L5

localized surface heating was developed to enable a direct

-
x

measurement of the propagation of SEVs. (This represents

o,

the first attempt to directly observe SEW and not just infer

.. their effects on the basis of postirradiation site
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: morphology.) This experiment depended upon the change in
‘l-‘l.
("V reflectivity of the sample induced by heating at the surface
)
K
%M‘ as the SEW passed by. No evidence for SEW related energy
'
() .
>
5\( redistribution was found in experiments on aluminum irradiated
Y .
"o at 1.06 um.
e
"-? 1.1.4 1In preparation for continued work a Nd:glass laser
4.9
% ‘ oscillator-amplifier system was installed and the first three
§ V0
( stages operated. Over 3 J/Pulse in 30 ns flat topped pulses
[ ¥
Y
s have been obtained. Also, to allow experiments at shorter
"-‘l
> wavelengths, optical second, third and fourth harmonic
l':':
® generators have been obtained for this laser system.
o~
'{3 2. PROGRESS AND RESULTS
A'J
g 2.1 Facilities Preparations. During the first year of
N
( i this project, one task was to install and operate the Nd:glass
L
K :' laser oscillator-amplifier system and the irradiation

AR
nli'),-

facilities for future work at 1.06 um and other wavelengths.

- o -

{ 3N
a
-

The oscillator and two amplifiers have been operated and over

I’ "'“\ \

l'l.l -

. 3 J have been obtained. The pulse duration is 30 ns and the
jsﬁs beam distribution is flat topped. Some problems of aperture
:i induced diffraction were encountered and steps are being taken
5-*' to eliminate this by relocating the mode determining aperture
{
:Eg further from the amplifiers. The third and fourth amplifiers
'qﬁ and the Faraday isolator are being installed to allow
:5? operation at 30 J at 1.06 um.
:Sg 2.1.1 To enable operation at 0.53, 0.35 and 0.26 um
’iﬁ optical second, third and fourth harmonic generators have been
’ﬁ;: purchased. These are being tested and aligned for use with
%
an 3
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the Nd:glass laser system.

2.1.2 Two chambers have been prepared for use in the
second and third years' work. One is a Plexiglass chamber for
use at fore pump vacuums and the other is a six ported glass
chamber for operation at higher vacuums. A new flange
assembly had to be designed for the glass chamber to minimize
the risk of cracking the chamber when changing windows or
other flange mounted apparatus.

2.1.3 A high energy capacity joule meter and other
necessary beam and interaction diagnostics are on hand.

2.2 Evidence for Unipolar Arcs. A variety of

plasma-driven interactions have been proposed over the years
which can either increase the coupling of laser light to
materials or which <can decouple incoming 1light from the
sample. One, which is independent of the presence of an
atmosphere and which takes place whether or not the light
field is present over the material is the formation of
unipolar arcs (Ref.1). The laser light is absorbed by the
material and heats, melts, boils and vaporizes it if necessary
to produce a vapor. This vapor becomes jonized by multiphoton
or thermal processes and a plasma is produced over the surface
of the target. Because of the different mobilities of
electrons and ions in the plasma cloud, larger numbers of
electrons return to the surface than ions leaving thé plasma
at a positive potential with respect to the surface. This
potential difference can cause a form of field emission at

microscopic surface defects which then form so-called unipolar

T e e A e T AT T R G e T T T T AT A A T AT I A LR R AR LT e e ;
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Jié arcs. The ions are accelerated to the surface and small
! . circular craters are formed. These craters are signatures of
AT

\E; the unipolar arc process and their detection would be
e

:E: confirmation of the model. In Reference 1 there are some
;t;, micrographs purporting to show these craters. Experiments on
::a polished copper samples were undertaken to attempt to
N

independently confirm the presence of unipolar arc craters.

4

2.2.1 Figures 1 and 2 show the region where craters were

PN

Cd

EE detected and close-up scanning electron micrographs of the
‘égs unipolar arc craters. The area in which craters are found is
A ")

;;7 thought to be outside that irradiated but where the plasma may
P

ﬂi have spread to during or after the irradiation. The unipolar
}ja arc interaction process is independent of the presence of the
P

light and confirmation of this observation by more careful

A
II{.

S measurements is called for. If confirmation can be obtained
:ﬁb then the interaction model will be strengthened and it may be
D used with more confidence.

-

*
iu¥ 2.2.2 Figure 3 shows a comparison of an arc site on the
.‘r’_:.r
ff?} polished copper and a possible arc site on a piece of
) ’_‘,»
" s

diamond-turned copper irradiated several years ago at 10.6 um.

®
".-.II
’}&- This suggests that the process of unipolar arcing operates no
4

N
?J- matter what wavelength laser is used and no matter how well
o
o
P the surface is finished. More data are needed to confirm this
o point, and it may be useful to retake some of the 10.6 um
s data.
‘“» 2.3 SEW Interactions
géj 2.3.1 Energy Redistribution Because of SEW Propagation.
-
.',“_:-f 5
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Polished Copper
Irradiated
at 1.06 um in

Vacuum

-
167 um

Region where
Arc Sites are
Found

>
46557}‘rn

Possibly Sites
of Unipolar Arcs

Figure 1. Scanning electron micrographs of the polished copper
sample showing sites of unipolar arcs. The 1.06 pm Nd:glass laser

was used in this irradiation.
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Polished Copper
Irradiated
at 1.06um in

vacuum
<
4pm

SEM Incident at
25° to Normal

Possible Site of
Unipolar Arc

Diamond Turned
Copper
Irradiated at {0.6um
in Vacuum

S e

4,um
SEM Incident at
2 40° to Normal

Possible Site of
Unipolar Arc

Figure 3. Comparison of unipolar arc sites found on the sample in
Figure 1 and a site found on a diamond turned copper sample
irradiated at 10.6 pum in early work.
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An exper iment to directly detect SEW propagation and absorbed

energy redistribution was performed wusing a photothermal
technique. No evidence for the predicted energy
redistribution was found. A paper was submitted for

presentation at the 1986 Boulder Symposium on Laser Materials

interactions~.

2.4 The Role of SEWs in Laser Interactions with Metals.

A pulsed Nd:YAG laser was used to demonstrate the formation of
grating-like ripples in the surfaces of Al, Cu, and the alioy
Ti-6A1-4V. These are shown in Figures 4, 5 and 6. In addition
to the ripples shown, it is important to notice the other
features shown in these scanning electron micrographs. The
central region of each material is seen to have been
violently disrupted by convective motion of the mol ten
material and by boiling. These macroscopic disruptions
eliminate grating-tike ripples, which may have been present
during irradiation, from the refrozen material’s morphology.
Thus, it is essential to took for ripples in the outer
regions of the site where the other motions are so vigorous
that grating-tike structures cannot be formed during the
irradiation. The implications of this can be
explored by monitoring diffraction of a probe beam during

the pulse. If there are not grating-like rippies during

*"A copy is available from R. Swimm, Center for Laser Studies,

USC, Los Angeles, CA 90089-1112
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SEW Related
Ripples

e
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o
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Sorets

A,

Figure 4. Scanning electron micrographs of the grating-like
structure related to surface electromagnetic wave interactioans
found on glass bead blasted copper. Irradiated at normal
incidence, at 1.06 um in air.
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Figure 4. Scanning electron micrographs of the grating-like
structure related to surface electromagnetic wave interactions

found on glass bead blasted copper. Irradiated at normal
incidence, at 1.06 pa {in air.
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SEW Related

¥ Ripples

e Figure 5. Scanning electron micrographs of the grating-like
e structure related to surface elactromagnetic wave interactions
. found on aluminum. Note evidence for boiling in the central area.
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! Figure 5. Scanning electron micrographs of the grating-like
‘ structure related to surface electromagnetic wave interactions
', found on aluminum. Note evidence for boiling in the central area.
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obscure information gained from strictly morphological studies.
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the irradiation then the proposed additional absorption

because of SEWs cannot take place. The effects of SEWs may be
masked in high intensity, pulsed laser materials by other,
more conventional processes.

2.4.1 In Figure 6, some flow ripples are shown to
indicate the potential difficulty which might be encountered
in trying to identify grating-like structures. The SEW
related structures are generally quite linear and oriented
perpendicular to the 1light polarization vector. The flow
ripples are curved and do not have any particular orientation
with respect to the 1light polarization. In fact they are
oriented more by the shape of the boundary between the melted
and the unmelted materials.

2.5 The Role of SEWs on Mullite. Mullite is a ceramic

material composed of oxides of Al, Mg and Si. The
reflectivity of this material relative to BaSO4 is shown in
Figure 7. The strong drop in reflectance at ~340 nm suggests
that this material may be more sensitive to laser irradiation
with excimer lasers than it is at 1.06 unm. In fact, it will
be studied with the third harmonic of the Nd:glass laser.
2.5.1 Figures 8 ¢to 12 show the surface of laser
irradiated mullite and clear evidence for laser induced
melting. The interaction of melting and resolidification is
sufficiently vigorous to preclude detection of gratinglike
structures in the morphology of the irradiated material. It
is possible that such structures are present and experiments

using the diffraction of a probe beam during irradiation will
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Figure 7. Reflectivity versus wavelength of mullite ceramic. Note
the strong drop in the region near 330 nm suggesting a strong
increase in absorption.
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B SEM of Laser Irradiated Site on Mullite

Figure 8. Scanning electron micrograph of laser irradiated site on mullite.
?‘. The 1.06 um Nd:glass laser was used.
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- Figure 9. Scanning electron micrographs of laser irradiated
;:A mullite showing the extensive melting in the irradiated sites.
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Figure 12. Scanning electron micrographs of laser irradiated

mullite showing the spherical beads formed within some
irradiated sites.
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‘” 2.6 The Role of SEWs in Laser Interactions with Plastic.
D

?i Acrylic plastic which has the transmission spectrum shown in
:j Figure 13 was studied. This material is highly transparent at
;F . 1.06 um and so it was not possible to find irradiation
L- conditions which allowed surface interactions only. When
‘N

?ﬂ surface damage was produced, it was in the form of large
(t fractures and macroscopic material removal. Other irradiation
Eé conditions which produced no such surface damage produced no
‘% detectable other type of surface disruption. However, these
é conditions did produce internal damages and careful
b? examination of these revealed that many had grating like
}S structures. Figures 14 to 18 show several of these sites and
?s the irradiation conditions used to create them.

2.6.1 Note that the internal grating like structures are

éa not always oriented as the simple SEW theory says they should

lh be with respect to the light polarization. They do not have

;5 the predicted spacing. The internal sites are often at
o

}gi different angles of incidence with respect to the incoming

KN

%‘ laser beam and this can account for some of the discrepancies,
%E but not all of them. Further, the internal grating structures
.

;; are thought to be formed as follows: in some early pulse a
;2 crack is formed and some later pulse interacts with the

kj surfaces of the crack to form the gratinglike structure. It
:; also should be noted that internal gratinglike structures are

‘g: not easily found when the number of pulses used to irradiate

&, the sample is small. Whether this is because there are fewer
K
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, Figure 14. Optical micrographs of sites of internal grating-like
> structures in acrylic plastic. The two shown are in close
X proximity to one another but at different depths within the sample.
4 Here they show similar orientations but different ripple spacing.
| The irradiation was performed with an Nd:YAG laser gently focused
{ beyond the sample. The laser was operated at 10 Hz.
)
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Figure 185. Optical micrographs of sites of internal grating-like
structures in acrylic plastic. Showing differently oriented and
spaced ripples in the internal grating-like structures.
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Figure 18. Optical micrographs of sites of internal gratinglike
structures in acrylic plastic. This is a multiple crack with
several grating like structures and when viewed in this fashion
some of them are superposed to form Moire patterns.
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damage sites or whether there are proportionally fewer sites
with gratinglike structures must be determined in future
work. The simple SEW theory does not consider a case where
the surface is the interface between two sides of an internal
crack and clearly a more detailed analysis is called for.
This may inciude a study of the 1literature concerning
waveguide propagation as it may be possible to treat the

internal crack as a waveguide,

2.6.2 Analysis of the electromagnetic theory of gratings
may help in understanding some of the properties of internal
gratinglike structures. In this theory the ripple spacing in
such structures is explained and cases are described which for
transverse electric (TE) incidence give spacings comparable to
those observed. Again, the theory will have to be modified to
account for the presence of both surfaces.

2.6.3 Soviet researchers have reported gratinglike
structures at internal cracks in plastic which are composed of
lines of droplets (Ref. 2). These were produced by long
duration (millisecond), several joule Nd:glass laser pulses.
A model is proposed which is related to waveguide propagation
of waves generated by scattering on the surfaces of the
cracks. This concept will be explored to see if it |is
suitable to explain the present results obtained with multiple

pulses of nanosecond duration.
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